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Abstract 
Moisture is a primary limiting factor that affects plant growth. To determine the ideal amount of irrigation water for 
the growth of individual Populus bolleana Lauche, the major protective species around Qira oasis in southern edge of 
Taklimakan Desert in Xinjiang, China, we studied the moisture of soil layers with depth between 0-80 cm and the 
response of P. bolleana’s water status such as moisture content, stomatal characteristics, leaf water potential, stem 
sapflow and stem diameter to different irrigation based on the field monitoring data. The results showed that the 
moisture content of soil layers with depth of 0-80 cm gradually increased with irrigation increasing, especially when 
irrigation was more than 30 liters. When irrigation was 30 and 40 liters, the daily leaf water potential presented an 
obvious unimodal trend: the predawn and midday leaf water potential increased significantly. Along with the 
irrigation increased from 10 to 40 liters, sapflow and stomatal conductance followed a trend of first decreases and 
then increases. When irrigation was 30 liters, the daily mean stem diameter and contraction of P. bolleana reached 
their peaks, indicating that irrigating more than 30 liters of water could improve the water status of P. bolleana and 
prevent it from drought stress. Thus, we concluded that the ideal irrigation amount for the normal growth of 
individual P. bolleana should be 30 liters per year.  
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1. Introduction 
Water is the major limiting factor for growth and survival of trees in arid and semi-arid regions[1]. 
Drought stress could induce a series of physiological and biochemical reactions of trees, thus affecting 
their normal life activities[2] including photosynthesis, the energy and substance sources necessary for 
trees’ activities and physiological processes. Water status is the main factor affecting photosynthesis. Lack 
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of water will inhibit photosynthesis[3-5]. In general, mild water stress decreases photosynthetic rate due to 
stomatal effect, while severe water deficit affects photosynthesis mainly due to non-stomatal effect[6]. 
Plant water status is very dynamic, depending on the soil moisture, the effects of atmospheric water 
evaporation on tree’s total water absorption rate and transpiration rate, and the tree’s self-regulation on 
physiological and ecological characteristics. Thus, studies on the water relations such as transpiration and 
water potential are of importance in plant physiology and ecology.  
Qira Oasis lies in the middle part of the southern region of Taklimakan Desert. The major species of 
its protective shelterbelts is Poplar. Populus bolleana Lauche has good appearance, therefore it is popular 
as street and afforestation tree among Uighur people and commonly used as windbreak and sand-fixing 
forest. As a preferred species in local forest ecological projects, it plays important roles in “Three North" 
Shelterbelt Project of Northwest China. Studies on its water consumption in arid areas are all of great 
value in afforestation, environmental engineering, integrated agriculture and forestry system. 
   Currently, studies on P. bolleana in China have focused on 1) its soluble salt ion contents at different 
soil salinity conditions, 2) its twigs’ responses such as changes in net photosynthetic rate, transpiration 
rate, water potential saturation and deficit in vitro to dehydration conditions, 3) analyzing the relations of 
the trend of its transpiration-caused water consumption with time and simultaneously obtained 
meteorological factors, and 4) cloning and expression of its trypsin inhibitor genes[7-10]. Studies outside of 
China have mainly focused on genetic map of hybrid of P. tomentosa and P. bolleana[11], disease and pest 
prevention[12], effects of P. bolleana on physiological and biochemical characteristics of protective 
enzymes of insects’ larvae[13], cold tolerance of hybrid of P. davidiana and P. bolleana[14], salt tolerance 
increasing of hybrid of P. davidiana and P. bolleana by introducing Tamarix albiflonum’s SOD gene[15], 
and pollen development[16]. In addition, studies have shown that growth of P. bolleana is mainly affected 
by groundwater conditions. When soil moisture is sufficient, P. bolleana is prone to suffer from frost 
damage. Therefore, P. bolleana is more suitable to grow in regions short of soil moisture[17]. Previous 
researches have also studied the characteristics and mechanisms of P. bolleana's resistance to salt, drought, 
cold and pest, but rarely on its water status and responses to different irrigation and on the ideal amount 
of irrigation water for normal growth of P. bolleana in arid areas. 
   In this study, we investigated the changes in eco-physiological indices of P. bolleana in Qira Oasis of 
Taklimakan Desert as well as moisture of soil layers with depths of 0-80 cm in response to 10, 20, 30 and 
40 liters of irrigation based on the real-time field monitoring data of leaf water potential, stomatal 
conductance and stem sapflow and diameter, and proposed an ideal irrigation threshold for individual P. 
bolleana’s growth. 
2. Study area and methods 
2.1 The study area 
Qira Oasis locates at 80°03'24"-82°10'34"E and 35°17'55"-39°30'00"N, adjacent to natural vegetation 
at east and west and mobile sand dunes and Gobi at south, and has extremely arid climate and fragile 
ecological environment. It has annual accumulated temperature of 4640.4ć, annual accumulated t10ć 
temperature of 4340ć and t0ć temperature of 4726.7ć. However, the solar energy utilization rate of 
Qira Oasis is only 0.3%, far less than 1% of the national level. It has extreme continental climate with 
annual average diurnal temperature range above 15ć, annual average rainfall of only 35.1 mm in its 
plain region, average annual evaporation of 2595.3 mm and average annual dryness of 20.8. 
2.2 Experimental Design 
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Plant ecological monitoring and investigation were conducted on August 16-22, 2010 in Cele County 
of Xinjiang. Four P. bolleana trees that grew well, had moderate crown, straight trunk and no dead 
branches and were free of pests and diseases were selected. Two of them were in East Eric Village of Cele 
Town and marked as A1 and A2, respectively, the other two were along the 312 national highway and 
marked as B1 and B2, respectively. A1, A2, B1, and B2 had average annual irrigation of 10, 20, 30 and 40 
liters, respectively. A1 had height of 12 m, diameter of 58 cm and crown size of 3 m × 4 m. A2 had height 
of 14 m, diameter of 62 cm and crown size of 3.5 m × 4 m, A3 had height of 11 m, diameter of 46 cm and 
crown size of 2.8 m × 3.4 m, and A4 had height of 15 m, diameter of 65 cm and crown size of 3.3 m × 4.5 
m. As can be seen, these four trees were similar in size. The indices of plant water status and growth such 
as leaf water potential, stem sapflow, stomatal conductance and diurnal changes in stem diameter were 
measured in a sunny day. 
2.3 Determination of water status  
(1) Determination of P. bolleana’s leaf water potential  
The leaf water potential was measured using HR-33T Dew Point Microvolt-Meter (WESCOR, USA) 
at 6:00 and 14:00 (Beijing Time). Six healthy leaves on the sunny side of stem and more than 1.5 m above 
the ground from each tree were collected and immediately sealed into a polyethylene plastic bag. A small 
part with 5 mm diameter was clipped from each of the 6 leaves by avoiding leaf veins and placed in one 
of the six C-52 sample rooms to determine the leaf water potential. The average water potential of the six 
samples was considered as the final water potential. 
   (2) Determination of stem sapflow 
Stem sapflow was measured with SF-300 Sapflow System (GREENSPAN Technology Pty. Ltd., 
Australia). In detail, a small heat pulse source was inserted into the catheter of P. bolleana and the 
sapflow rate was determined as the ratio increase of pulse rate along the catheter. To ensure data reliability, 
accountability and accuracy, the data acquisition was conducted every 10 min in a real-time fashion for 24 
h.  
 
(3) Determination of stem diameter 
The stem diameter of the four trees was measure every 10 min with a plant growth measuring 
instrument for 24 h. The short-term changes in stem diameter only accurately reflect the amount of water 
absorption and consumption within 24 h, i.e., plant transpiration, rather than plant growth situation.  
2.4 Determination of stomatal conductance  
The leaf stomatal conductance was measured every 2 h with a stomatal parameter from 8:00 to 20:00 
(Beijing time). Similarly, healthy leaves on the sunny side of the stem and more than 1.5 m above the 
ground from each tree were used in stomatal conductance determination. 
3. Results and Analysis 
3. 1 Changes in soil moisture content 
Figure 1 shows the water content of soil layers with depth of 0-80 cm after 10, 20, 30 and 40 liters of 
irrigation with, respectively. The soil moisture content only slightly increased by 0.96% from 4.25% to 
5.21% when irrigation increased from 10 to 20 liters, while that increased by 6.35% from 5.21% to 
14.56% when irrigation increased from 20 to 30 liters and by 38.75% from 14.56% to 53.31% when 
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irrigation increased from 30 to 40 liters. Analysis of variance indicated that soil moisture content did not 
significantly increase when irrigation increased from 10 to 20 liters, but increased significantly when 
irrigation increased from 20 to 30 and 40 liters, indicating that 30 liters of irrigation significantly affected 
soil moisture. 
3.2 Water status of P. bolleana 
3.2.1 Changes in leaf water potential of P. bolleana   
Diurnal variation of leaf water potential reflects the combined responses of plants to changes in 
climatic factors and soil moisture. Figure 2 shows the leaf water potentials of P. bolleana at different time 
after different irrigation and their diurnal variation. As shown, the leaf water potential of P. bolleana 
presents a unimodal trend after irrigating 10, 20, 30 and 40 liters of water. It reached the highest at 6:00 
and slowly decreased to the lowest around 14:00-16:00 with temperature rising, and then increased 
gradually to its maximum at 4:00 with temperature lowering. The minimum point occured at slightly 
different time under different irrigation, that was 14:00 for 10, 20 and 30 liters of irrigation and 16:00 for 
40 liters of irrigation. This difference may be related to different soil moisture content and water status of 
P. bolleana under different irrigation. Irrigating 40 liters of water markedly improved plant water status. 
When temperature reached highest at 14:00, higher soil moisture content could provide adequate water 
required for plant transpiration, which consequently delayed the decrease of plant water potential. Figure 
2 also shows that the diurnal variation of leaf water potential of P. bolleana declined sharply from -2.55 
MPa to -3.90 MPa as irrigation increased from 10 to 20 liters, while increased from -2.55 MPa to -2.29 
MPa and -2.11 MPa as irrigation increased from 10 to 30 and 40 liters, respectively, indicating P. bolleana 
is under water stress when irrigation is less than 20 liters, and the ideal irrigation required for normal 
growth of P. bolleana is 30 liters. 
 
3.2.2 Changes in predawn and midday leaf water potential of P. bolleana  
Fig.1 Soil water content in different soil layer after the
different irrigation volume
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Figure 3 shows the changes in predawn and midday leaf water potential of P. bolleana under different 
Fig.2 The trend of daily change and daily mean of leaf water potential of Populus
bolleana  after the different irrigation volumes
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Fig.3 The change of predawn and midday
leaf water potential of Populus bolleana
after the different irrigation volumes
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irrigation. As shown, along with irrigation increasing, predawn leaf water potential first decreased with 
irrigation increasing from 10 to 20 liters and then increased to its maximum with irrigation further 
increasing to 40 liters. The midday leaf water potential of P. bolleana showed a similar trend. Many 
studies have shown that predawn leaf water potential of plants in arid areas may reflect soil moisture 
content at that time. Increase in soil moisture content was not obvious when irrigation was about 10-20 
liters (Figure 1), but significantly increased when irrigation was 30 liters or higher. In other words, the 
drought stress was significantly decreased when irrigation was 30 liters or higher, leading to a significant 
increase in predawn leaf water potential of P. bolleana. When the difference in daily mean temperature is 
small, the midday leaf water potential of P. bolleana is also mainly affected by soil moisture content. With 
soil moisture content increasing, midday leaf water potential also increases, showing similar tread to that 
of predawn leaf water potential. 
3.2.3 Changes in stem sapflow of P. bolleana   
Figure 4 shows the daily mean sapflow per stem area of P. bolleana under different irrigation. As 
shown, the stem sapflow decreased with irrigation increasing from 10 to 20 liters and then increased with 
irrigation increasing to 30 and 40 liters, indicating that P. bolleana is under drought stress when irrigation 
amount is 20 liters, and 30 liters of irrigation could improve P. bolleana’s water situation and prevent it 
from drought stress. 
3.2.4 Changes in stem diameter of P. bolleana  
Fig.4 The daily mean of stem sapflow  of Populus bolleana
under the different irrigation volumes
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Fig.5 The daily change of the diameter of tree struck of Populus bolleana  under the different
irrigation volumes
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Diurnal variation of stem diameter reflects the characteristics of diurnal variation of plant water status. 
At day time, as temperatures rises, plant transpiration and water loss increase, thus its stem diameter 
contracts, as indicated as smaller stem diameter. On the contrary, at night, plant transpiration decreases 
and water supply increases, thus its stem expands, as indicated as greater stem diameter. 
Figure 5 shows the diurnal variation of stem diameter of P. bolleana under different irrigation 
conditions. As shown, when the irrigation was10, 20 and 40 liters, stem diameter presented a unimodal 
trend, although it was not so obvious. The stem diameter of P. bolleana showed a bimodal trend with 
highest value around 15:00-14:00 and 21:00-22:00 when irrigation was 20 liters and around 12:00-17:00 
and 18:00-22:00 when irrigation was 30 liters. In addition, the peak of stem diameter lasted for a longer 
period under 30 liters of irrigation than 20 liters of irrigation, indicating that with the irrigation increased 
from 10 to 20 and 30 liters, the daytime stem diameters of P. bolleana significantly increased and this 
increase lasted longer with irrigation increasing. When irrigation increased to 40 liters, the stem diameter 
sharply declined to the level even less than that under irrigation of 10 liters, indicating that 30 liters of 
irrigation is enough to maintain higher water status of P. bolleana. Moreover, analysis of the mean daily 
stem diameter of P. bollean (Figure 6) also found that the mean daily stem diameter under irrigation of 30 
liters was higher than that under irrigation of 40 liters. 
The daily shrinkage of stem diameter, the difference between the maximum and minimum stem 
diameter within a day, reflects the diurnal variation of plant water content. The higher the stem diameter 
shrinks, the more water that the plant could absorb and consume, and the better the plant’s water status, 
vice versa. Analysis of the daily shrinkage of stem diameter of P. bolleana under different irrigation 
(Figure 7) showed that daily shrinkage of P. bolleana ’s stem diameter was the most under 30 liters of 
irrigation, reaching 2290 ȝm, while was only 170 and 144 ȝm under 10 and 40 liters of irrigation, 
respectively, and 2081 ȝm under 20 liters of irrigation, much higher than under 10 and 40 liters. The 
results demonstrated that when under 30 liters of irrigation, the water status of P. bolleana reached its best, 
meaning there is little or no water stress; while under 10 and 40 liters of irrigation, the consumable and 
absorbable water reached the lowest level, suggesting that P. bolleana suffers from higher water stress 
and is in a poor water status. Therefore, we believe that 30 liters of irrigation is the ideal amount to 
maintain P. bolleana in a good water status. 
3.3 Changes in stomatal conductance of P. bolleana  
Fig.6 The daily mean of the diameter of tree
struck of Populus bolleana  under the different
irrigation volumes
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Stomata not only is the main channel of terrestrial plant to exchange gases (O2, CO2 and H2O) and 
water with environment, but also the major control channel for matter and energy exchange within 
soil-plant-atmosphere continuum. Stomatal conductance represents the degree of stomatal porosity and 
affects respiration, photosynthesis and transpiration. Analysis of changes in pre-dawn and midday 
stomatal conductance under different irrigation (Figure 8) found that both pre-dawn or midday stomatal 
conductance first decreased with irrigation increasing and then increased with further irrigation increasing. 
The pre-dawn and midday stomatal conductance were the lowest under 20 liters of irrigation and the 
highest under 40 liters of irrigation, indicating that after irrigating 30 liters of water, the stomatal 
conductance of P. bolleana could continue increase even at the highest temperature. With irrigation 
increasing, water loss by transpiration gradually  increases, photosynthesis is enhanced and the growth 
and development is also accelerated. With 30 liters of irrigation, P. bolleana will not undergo water stress 
and its normal growth and development can be maintained. 
4. Conclusion and discussion 
Previous studies have shown that P. bolleana has shallowly distributed root system. It root length and 
biomass decreases sharply at soil level below 80 cm [18]. Thus, it is of significance to understand how the 
moisture changes of soil layer of 0-80 cm depth after irrigation affect the growth and development of P. 
Fig.7 The daily shrinkage volumes of the diameter of tree
struck of Populus bolleana  under the different irrigation
volumes
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Fig.8 The change of predawn and midday
stomatal conductance of Populus bolleana
after the different irrigation volumes
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bolleana. Our study found that soil moisture content was significantly increased after irrigating 30 liters 
of water, but did not change obviously after irrigating 20 liters of water, suggesting that irrigating 30 liters 
of water may be ideal for the growth and development of P. bolleana. 
The equilibrium between transpiration-caused water loss and root water absorption is called water 
balance. When the former is greater than the latter, plant water content decreases, thus its water potential 
and turgor pressure are reduced accordingly. When exceeding a certain limit, it will disturb plants’ normal 
physiological processes, even cause plant damage. Such water deficit is called water stress. Excessive soil 
moisture can also cause damage to plants because soil water logging could block root oxygen supply and 
impede aerobic respiration. The relations between plants and water include plants’ water absorption, 
transport and transpiration. Stem sapflow reflects water transport in plants and is used to study plants’ 
water use. Leaf water potential reflects the plant’s water status, and leaf stomatal conductance reflects the 
strength of plant transpiration. By analyzing the changes in stem sapflow, leaf water potential and 
stomatal conductance of P. bolleana under different irrigation, we found that after irrigating 30 liters of 
water, water trasport, leaf water potential and stomatal conductance of P. bolleana significantly increased, 
resulting in gradually improved plant water status, enhanced transpiration, and accelerated plant growth. 
Thus, we concluded that 30 liters of irrigation is ideal for promoting normal growth of individual P. 
bolleana.   
Changes in plant growth, water content and water tension can cause changes of stem diameter as 
indicated as long-term irreversible growth and short-term diurnal variation [19]. Short-term diurnal 
variation is related to transpiration, root water uptake and water exchange between plant xylem and 
phloem [19]. Stem diameter is greatest in the morning, gradually decreases with sun rise to minimum in the 
afternoon, and increases again with the reduction of solar radiation to its maximum in the next morning 
[19]. This study reached a similar conclusion except that stem diamater demonstrated a bimodal trend with 
a peak in the afternoon as temperatures decreasing under 20 and 30 liters of irrigation, and another 
long-lasting peak under 30 liters of irrigation. Diurnal variation of stem diameter is mainly related to the 
moisture content variation in xylem and phloem. Dobbs, et al.[20], Molz, et al.[21], Siau[22], Brough, et al.[23], 
Holbrook[24], and Zweifel[25] believe that the reduction of stem diameter is caused by variation of capillary 
water and dehydration of living cells in cambium and phloem. However, Irvine and Grace[26] found that 
stem diameter of Pinus sylvestris changes when the xylem is under tension. Zweifel[25] found that xylem 
diameter change accounts for about 10% of total stem diameter change in P. abicaulis. We found 20 and 
30 liters of irrigation could apparently increased stem diameter in the afternoon. Especially, after 
irrigating 30 liters of water, this increase could last for a longer period and the diurnal shrikage reached 
maximum, probably due to the significant increase of water content in xylem and phloem. After irrigating 
40 liters of water, the peak of stem diameter in the afternoon did not appear and the diurnal shrinkage was 
also very small, indicating that the moisture content in xylem and phloem of P. bolleana is not always 
positively correlated with irrigation amount. The underlying mechanisms need to be further explored. In 
summary, the ideal irrigation amount for the normal growth of individual P. bolleana in arid areas is 30 
liters per year. 
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